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There is an increasing interest in the progressive substitution of Si by Al in TRIP 
steels in order to obtain alloys with excellent mechanical properties and improved coatability. 
In this paper, thermodynamic calculations have been carried out with the help of JMatProTM 
software in order to assess and compare the effects that Si and Al additions exert on the phase 
transformation, carbon enrichment and alloying element content of phases during continuous 
galvanizing of multiphase steels. These simulations have provided important implications 
regarding the optimal combination of Si and Al. It has been found that Al causes a more 
pronounced increase of A3 temperature and a wider extension of the intercritical range than 
Si. For a constant volume fraction of phases, the carbon content in austenite is similar for Al 
and Si-alloyed steels. However, ferrite in Al-alloyed is richer in carbon and consequently an 
increase in its strength could be expected. The hardenability of intercritically annealed 
austenite has been estimated for alloys with different combinations of Mn, Al and Si. Finally, 
simulated CCT diagrams predict for Al-alloyed steels a higher amount of new ferrite formed 
during cooling from intercritical annealing and the need of shorter isothermal holding times at 
460 ºC. However, Si-TRIP steels would need faster cooling rates to prevent pearlite formation 
and longer isothermal holding times to complete the bainitic transformation and to obtain a 
microstructure with high retained austenite. 
 
KEY WORDS: TRIP steel, aluminum, silicon, thermodynamic calculations, phase 
transformation, carbon content in phases, continuous galvanizing. 
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1. Introduction 
 
Silicon is the most significant element traditionally used 1-3) to originate the TRIP 
effect (strain induced transformation of retained austenite into martensite) 4) in steels. This 
element is thought to inhibit the precipitation of cementite and thereby enhances the 
stabilization of austenite (decrease of Ms temperature below room temperature) thanks to the 
carbon rejected from the bainitic ferrite that is assumed to form during isothermal holding at 
low temperatures. In order to achieve the austenite stabilization some authors have used 
CMnSi TRIP-aided steels with Si contents above 1.5% 5-8). However, in selecting steels for 
coated applications, it is important to pay attention to the silicon content, as high Si additions 
are known to cause galvanizing problems 9) and it is generally accepted that a level of Si 
above 0.5% will hinder coating 10). Concretely, Si forms a very strong and adherent layer of 
complex manganese-silicon-oxides, which is easily rolled into the surface during hot rolling 
and is difficult to be removed. This leads to poor coatability so bare spots can appear 
eventually on the sheet surface 10,11). 
Manganese can also be used to produce adequate amounts of retained austenite and 
improve the mechanical properties of TRIP steels, but Mn levels above 2% may also degrade 
coatability, even in the absence of Si 10). Some authors 10,11) have studied the galvanizing 
behavior of steels where Si was partially or fully substituted by other elements that are known 
to cause the TRIP effect such as P or Al. The addition of relatively high levels of P (up to 
0.1%) gives satisfactory galvanizing results. Phosphorus is useful for solid solution 
strengthening 12,13) and P-TRIP steels have shown interesting microstructural characteristics 
and mechanical properties 9,14). However, it has been shown that P additions slow 
galvannealing kinetics 15) and can lead to cold work embrittlement 16) for low C contents. 
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According to some authors, Al as a solute element does not segregate to the surface during 
intercritical annealing before galvanizing 17), so Al additions are not expected to influence the 
coatability adversely 18). In fact, it has been found that steels with contents of up to 1.5% Al 
can be successfully galvanized 10,19,20). Mahieu et al. found that Al, like Si, form iron-
aluminum-oxides, but these do not affect the coatability of low-Si steels 11). On the contrary, 
Al has the ability to prevent Si from segregating to the surface. When Si is replaced by Al, a 
Fe-Al spinel is formed at the surface. That spinel does not deteriorate galvanizability and 
inhibits the formation of detrimental Mn2SiO4 11). 
Aluminum is a strong ferrite stabilizer and it is not soluble in cementite 21). Al 
effectively inhibits the formation of cementite during the alleged bainite transformation as it 
acts to lower the activity of C in the carbon enriched pools in austenite. Hence, Al is helpful 
for the retention of austenite at room temperature and the optimization of the TRIP effect 
during straining 22). The effect of the partial or full substitution of Si by Al on the 
microstructure and mechanical properties of CMn TRIP steels has been studied by several 
authors 22-28). Excellent mechanical properties have been found and Al alloyed TRIP steels are 
presented as promising candidates for processing in continuous galvanizing lines due to their 
lower Si contents. Besides, several authors have noted that Al TRIP steels need shorter 
holding times (less than 60 s at temperatures of 450-465 ºC) than Si steels to obtain maximal 
values in the amount of retained austenite and optimal values of mechanical properties 
12,23,25,26,28). This is an important advantage for their industrial processing in continuous 
annealing lines. On the other hand, when two different Al levels have been compared, the 
steel with higher Al content has presented a higher ductility for identical strength levels 22). In 
dual-phase steels, Al additions increase the balance of total elongation and tensile strength 
due to the refined ferrite structure and morphology of martensite 29). 
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However, at a constant elongation value, Si-TRIP steels usually present higher tensile 
strengths than Al compositions due to the much more significant solid solution strengthening 
effect of Si compared to Al 12,13,26,30,31). It has been proposed that Si level must be > 0.8% to 
obtain a reasonable amount of retained austenite 10). Nonetheless, steels with 0.4% Si and 
without Al have shown remarkable mechanical properties 1), thanks to the combination of 
TRIP effect and a “composite” strengthening effect 3,32,33). Several authors have concluded 
that full substitution of Si by an equivalent amount of Al would yield to a poorer strength 
ductility/balance; hence, they recommended the use of a mixed Al–Si TRIP-assisted 
multiphase steel. This type of steel would be an efficient compromise between the processing 
practice of these steels, the resulting mechanical properties and the industrial requirements 
22,26). 
In conclusion, efforts are being made in the progressive substitution of Si by Al in 
TRIP steels in order to obtain alloys with excellent mechanical properties and better 
coatability. The work described in this paper presents some design concepts based on 
thermodynamic calculations made with the specific simulation software JMatProTM. The main 
aim of this work was to assess and compare the effect of Si and Al additions on the phase 
transformation and carbon enrichment of phases during the intercritical annealing of the steel 
and its subsequent cooling to isothermal holding temperature associated with the continuous 
galvanizing of TRIP steels. The alloy design and the thermal simulations could provide very 
helpful tools for the definition of optimal combinations of Si and Al to obtain the desired 
TRIP effect without hindering the galvanizability of the steel. 
 
2. Experimental Procedure 
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To carry out the thermodynamic simulations, JMatProTM software (version 4.0) was 
used in all cases. JMatProTM (acronym for “Java-based Materials Properties”) is a Calphad-
type software package for calculating and simulating the physical and thermophysical 
properties and behavior of multicomponent metallic systems 34). This software has been 
extensively used with proven accuracy to simulate precipitation 35), phase transformations and 
CCT diagrams 36,37), solidification properties and high temperature strength 38,39), among other 
physical phenomena and properties. To make the calculations in this paper, the program was 
coupled with Fe-DATA thermodynamic database 40). The calculations were made under 
equilibrium conditions, except for the case of continuous cooling transformation (CCT) 
diagrams. First of all, to study the effect of Si or Al additions on the transformation lines of 
the Fe-C diagram, the series of chemical compositions shown in Table 1 was selected. The C 
content was varied between 0% and 0.9 wt. % to build this region of the phase diagram 
whereas the Mn amount was kept at a constant value of 1.5%, typical of many commercial 
steels. The amounts of Si and Al were also varied within the range presented in the table (0%-
1.5%). To study the effect of Si or Al additions on the volume fractions and carbon contents 
of the phases (austenite and ferrite) formed during intercritical annealing in a simple Fe-C-Mn 
system, the bulk carbon content was fixed at 0.15% C. In this case, the amounts of Si and Al 
were varied again within the range (0%-1.5%). The partitioning of alloying elements (Al or 
Si) during phase transformation was also studied for Fe-0.15%C-1.5%Mn alloys. 
On the other hand, the chemical composition presented in Table 2 was used to obtain 
conclusions more applicable to real TRIP or DP steels. The values of volume fraction, carbon 
content and hardenability of intercritical austenite were calculated for different binary 
combinations of Mn-Si-Al within the ranges presented in the table. The carbon equivalent 
(CE) was used to estimate the hardenability during intercritical annealing of steels with 
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several amounts of Mn, Si and Al. The value of CE was determined by using Equation (1) 
from the International Institute of Welding (IIW) where Si is taken into account 41). 
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The hardenability of intercritically annealed austenite was also estimated for several 
compositions by calculating the value of ideal critical diameter (DI) according to ASTM 
A255-07 standard 42). 
Continuous cooling transformation (CCT) diagrams of steels of Table 2 were plotted 
for the specific case of 1.5%Mn and an addition of 1% Al or 1% Si. An intercritical reheating 
temperature corresponding to a 50% ferrite / 50% austenite phase balance was chosen to 
simulate the diagram. Based on experimental observations with similar steels and processing 
conditions 28), the value of initial intercritical austenite grain size considered was equal to 
ASTM-12 (i.e. about a mean linear intercept length of 5 microns). 
 
3. Results and Discussion 
 
Figures 1 and 2 show, respectively, the effect of Al and Si additions on the Fe-C-
1.5%Mn phase diagram. It can be clearly seen that Al causes a much more pronounced 
increase of A3 temperature than the same amount of Si. In both cases, a similar slight increase 
of A1 is observed, as shown in Figures 1b and 2b for the specific case of a Fe-0.15%C-
1.5%Mn alloy. As a result, the region (A3-A1) is considerably wider in Al alloyed steels than 
in those with the same amount of Si. This expansion of the intercritical region caused by Al 
has been described as greatly beneficial in enhancing process stability during continuous 
annealing 29,43) as it decreases the sensitivity of the balance of phases and mechanical 
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properties to the variations in annealing temperature. However, it must be mentioned that the 
temperature necessary for a hypothetical intercritical anneal leading to a 50% ferrite / 50% 
austenite phase distribution (see Figures 1b and 2b) would be higher in Al TRIP steels. 
The reduced sensitivity of the balance of phases to the variations in annealing 
temperature can be evaluated in Figure 3. In a 0.15%C alloy, the austenite volume fraction of 
steels with an Al content near 1% will vary between 28% for an intercritical annealing 
temperature (IAT) of 750 ºC and 63 % when IAT=850 ºC. However, the same amount of Si 
can make the austenite volume fractions to vary between 34% and 100%. Obviously, the 
relative changes in ferrite volume fraction (Figure 4) with temperature will take an analogous 
trend. 
Al and Si displace the A3 line of the Fe-C diagram to higher temperatures and to the 
right side, which indicates a higher solubility of carbon in austenite during intercritical 
annealing. This can be verified in Figure 3, which shows how, at equal temperature, austenite 
in Al alloyed steels will have higher carbon content than in steels where Si is added to cause 
the TRIP effect. Figure 4 shows that the carbon content of the intercritically annealed ferrite 
follows a similar trend, i.e., at the same temperature, Al steels will also have a stronger carbon 
enrichment of ferrite than Si steels. 
Figure 5 presents the evolution of carbon content in austenite and ferrite as a function 
of the amount of Al or Si for the particular case of IAT=800 ºC. Both elements cause an 
increased carbon enrichment of the phases present during intercritical annealing, but this 
effect is stronger for the case of Al additions. The carbon enrichment of austenite at the end of 
intercritical annealing is a critical factor for the hardenability of the steel and the likelihood of 
having martensite and/or stable retained austenite at room temperature after processing. On 
the other hand, the carbon content of the ferrite formed during cooling is crucial for the solid 
solution strengthening effect. Nevertheless, in many cases the temperature used in industrial 
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processing will not be the same for all the steels, but it will depend on the balance of phases 
required for the DP or TRIP steel. Figure 6 presents again the evolution of carbon content in 
austenite and ferrite as a function of Al or Si content, but now the temperatures considered 
have been calculated to obtain a theoretical phase distribution with 50% or 70% ferrite after 
annealing. In Figure 6a it can be verified that, although the value of carbon in austenite is 
slightly higher for Si alloys, the state of austenite (combination of volume fraction and carbon 
content) at the end of intercritical annealing of the model Fe-0.15%C-1.5%Mn alloy studied 
would be nearly identical, no matter whether the alloying element were Al or Si. However, it 
is found that, for the same balance of phases (50% or 70% ferrite), Al steels will have a more 
pronounced carbon enrichment of ferrite compared to Si steels (Figure 6b). 
Figure 7 compares, for the case of 1% Al or Si additions, the balance and carbon 
content of phases formed during cooling from 1000 ºC to 400 ºC under equilibrium 
conditions. It can be seen how at any temperature the amount and carbon content of ferrite are 
higher for the case of Al alloying. Conversely, the austenite is richer in carbon but its volume 
fraction is lower for the case of Al alloying. These differences help to explain the different 
behaviors shown in Figures 6a and 6b. 
Figure 8 shows the distribution of Al and Si in ferrite and austenite within the 
intercritical range during a cooling in equilibrium for 1% additions of Al or Si. The 
partitioning of Si would start at a lower temperature and would occur during a narrower 
temperature interval. Higher contents of Al in ferrite can be expected at any temperature, 
whereas the austenite would remain richer in Si compared to Al. This is true for any 
intercritical temperature and any Al or Si content, as can be seen in Figure 9, which 
represents the Al/Si contents in austenite for temperatures corresponding to 50% or 70% 
ferrite. It should be taken into account that processing of TRIP steels involves short 
intercritical annealing times and fast cooling rates. Phase transformation is usually considered 
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as a paraequilibrium process in which the diffusivity of the substitutional species is negligible 
compared to that of interstitial species 44). Therefore, values in Figures 8 and 9 should be 
considered as an estimate to indicate the tendency toward compositional adjustment with 
obvious kinetic restrictions. On the other hand, the maximum solubility of Al in pure gamma-
iron has been reported to vary between 0.6% 45) and 1-1.5% 29), whereas the solubility in alpha 
iron could reach about 30% 45). 
Figure 10 shows that, compared to Si, the addition of Al to the steel causes a higher 
solubility of carbon in ferrite both within the intercritical and subcritical regions. Taking an 
amount of 1% of Al or Si, the maximum solubility of C would be 0.011% for the case of Al 
and 0.0075% for Si additions. These results and those shown in Figure 7d are interesting as 
they permit to expect that the ferrite formed during cooling from IAT to isothermal holding in 
galvanized TRIP steels (at temperatures close to 460 ºC) will be richer in carbon when the 
alloying element is Al instead of Si. Si provides a much stronger solid solution strengthening 
effect than Al 13,30), but it should also be considered that the ferrite in Al steels can be richer in 
carbon and this could partially compensate the strength values. The solid solution 
strengthening coefficient of Si (measured as the increase in the value of yield strength) is 
about 83 MPa per 1 wt% in solution. However, the coefficient of C is about 5000 MPa per 
1wt % 46). Therefore, for a constant balance of phases, a slight difference of 35 ppm in ferrite 
carbon content as that shown in Figure 10 would theoretically lead to an increase in yield 
strength of 18 MPa for the Al addition. 
The chemical compositions presented in Table 2 (that are similar to commercial TRIP 
steels) were used to calculate, at a constant temperature of 800 ºC, the values of austenite 
volume fraction, carbon content, carbon equivalent and ideal diameter for different 
combinations of Mn-Si-Al (Figure 11). Observing the evolution of austenite volume fraction 
(first row of Figure 11), the austenite stabilizing effect of Mn can be perceived in these 
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figures, while Si and especially Al, act as ferrite stabilizing elements. The respective effect of 
these three elements on the austenite carbon content at 800 ºC is analogous: Al causes 
stronger carbon enrichment than Si, but Mn additions lead to lower austenite carbon 
concentrations. The most interesting results come from the comparison of hardenability 
values. Al is not explicitly included in Equation (1) used to estimate the value of CE. 
However, the strong carbon enrichment of the austenite provoked by Al would cause an 
“indirect” effect of increasing the hardenability of the fraction of intercritical austenite present 
at 800 ºC. Observing the maps of CE values built from Mn-Si-Al combinations, it is found 
that both Si and Al bring about a higher relative increase in CE than Mn, although the fraction 
of γ would increase with Mn. The evolution of hardenability expressed by DI values is very 
similar to that of CE values, as seen in the last row of Fig. 11. The increase in DI due to Si 
additions is slightly stronger than the effect of Al, as a specific hardenability multiplying 
factor for Si is considered in the ASTM standard 42), but this does not happen for Al. The 
effect of Mn on DI is lessened by the associated drop in carbon content of intercritical 
austenite. As shown in Figure 12a, the CE of austenite at 800 ºC and with 1.5%Mn bulk 
content would be slightly higher for Si additions than for the same amount of Al. However, if 
an intercritical temperature corresponding to 50% γ is considered, Si steels offer quite higher 
and increasing values of CE, whereas Al additions bring about a decrease in these values. This 
is due to the explicit effect of Si introduced in Equation (1) and also, to some extent, to the 
lower values of T50 for Si additions that cause higher values of C, Mn, Cr and Mo in solution 
compared to Al steels. It should be mentioned that in other equations used to calculate CE the 
coefficient for Si is lower or even it does not appear 47). Aluminum has traditionally been 
considered as an element with negligible effect on hardenability 47,48). Grossman affirmed that 
aluminum could be a powerful alloying element for hardenability49), but the content of Al in 
steel has been usually very low and therefore references about a direct influence of Al on 
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hardenability are scarce. According to Adrian 50) there is no experimental evidence that Al 
itself increases the value of this parameter, but this element can enhance the hardenability of 
vanadium treated steels because it promotes the formation of clusters consisting of 
substitutional atoms with a high chemical affinity for the interstitial atoms, and this changes 
the properties of the austenite matrix. 
Figure 12b shows the evolution of hardenability of intercritical austenite at 800 ºC 
and at temperature corresponding to (50% α / 50% γ) versus Al or Si bulk content, expressed 
by the value of ideal diameter (DI). This plot is very similar to the results for CE shown in 
Fig. 12a. As mentioned above, the explicit effect of Si on the value of DI has been taken into 
account according to the standard, but this is not the case for Al. As can be seen in Fig. 12c, 
both ways of estimating hardenability (CE and DI) follow a practically linear relationship for 
the range of compositions studied. 
Finally, CCT diagrams were simulated for the steel of Table 2 with 1.5%Mn and 
considering an intercritical reheating temperature corresponding to a 50% ferrite / 50% 
austenite distribution. For practical purposes, a hypothetical processing schedule consisting of 
a typical cooling rate of 15 ºC/s from intercritical temperature followed by an isothermal 
holding of 1 min at Zn bath temperature (460 ºC) has been included in the figures. Figure 13a 
shows the CCT diagram of a steel without Al or Si. When 1%Al is added to steel (Fig. 13b), 
the curve of ferrite formation is displaced more than one order of magnitude to shorter times. 
If the alloying element addition is 1% Si (Fig. 13c) the acceleration of ferrite formation would 
be much less pronounced. Figure 13d shows together the curves of ferrite formation from an 
intercritical temperature of (50% α / 50% γ) for the three compositions. As indicated in Fig. 
13d, ferrite formation during cooling would start at shorter times and higher temperatures (1 
s, 812 ºC) in an Al-alloyed TRIP steel than for the case of Si-additions (11 s, 618 ºC) or a 
CMn chemistry (13 s, 565 ºC). This is in agreement with the values of CE and DI shown in 
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Figure 12. It has been found that, compared to fully austenitization, the intercritical annealing 
of the steel can drastically accelerate the formation of “new ferrite” (despite the significantly 
higher carbon content and hardenability of austenite), due to the presence of pre-existing 
austenite/ferrite phase boundaries 29,51-54). During cooling, these interfaces only need to grow 
epitaxially and the step of nucleation is not required. According to Figure 13, ferrite 
formation during cooling from IAT to isothermal holding (IH) would be almost unavoidable 
in Al-steels and the amount of “new ferrite” formed should be higher in Al steels than for Si 
steels. Extensive formation of new ferrite in Al-TRIP steels has previously been described by 
several authors 23,28,29,53). Besides, Suh et al have shown that partial replacement of Si by Al 
encourages the conversion of intercritical austenite to ferrite during cooling from intercritical 
annealing 55). 
Figure 13 also shows that Si-TRIP steels have a higher risk of pearlite formation 
during cooling near 10-15 ºC/s. This agrees with results from other authors 54,56) and indicates 
that Si-steels would need faster cooling rates in order to prevent a decrease in the carbon 
content of untransformed retained austenite that would reduce the amount of retained 
austenite in final microstructure 57). However, the content of retained austenite of Al-steels is 
hardly influenced by the cooling rate 57). On the other hand, the curves of bainite formation 
are displayed at shorter times and higher temperatures in the case of Al additions. If the CCT 
diagrams were used to give an approximation of the isothermal transformation at 460 ºC after 
cooling at 15 ºC/s, it would result that an isothermal holding time (IHt) of 44 s would be long 
enough to reach the curve that denotes the end of bainite formation (Bf) in the 1% Al steel, as 
this curve is intersected at an approximate time of 68 s when T = 460 ºC (see Fig. 13b). 
However, a steel with 1% Si would need an IHt longer than 7 min at 460 ºC to reach the end 
of bainitic transformation, as Bf curve is found near 460 s after the end of intercritical 
annealing IAT, as shown in Fig. 13c. The time for the end of bainite formation in the Si-TRIP 
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steel is the longest among the three compositions studied, as the steel without Al-Si additions 
needs about 1 min at 460 ºC to reach Bf (Fig. 13a). To sum up, the bainitic transformation 
(that according to theory contributes to the carbon enrichment and stabilization of austenite) 
would need much shorter IH times to be completed in Al-TRIP steels compared to Si steels. 
This is an important practical conclusion that coincides with experimental observations that 
show that Si-TRIP steels require continuous galvanizing routes with long austempering times 
(3-5 min) at 400-500 ºC to maximize retained austenite content and mechanical properties 
12,54). However, Al-TRIP steels can be satisfactorily processed with temperatures closer to the 
zinc bath (460 ºC) and much shorter IH times 12,23,25,26,28). 
It has been previously mentioned that it is generally accepted that a level of Si above 
0.5% will hinder coating10). The variable degree of reactivity of silicon with the zinc coating 
can originate the phenomenon known as “Sandelin effect” 58,59), which is in the origin of 
coatability problems. According to the theory of this phenomenon, the optimal galvanizability 
is obtained for Si contents below 0.03%. However, this phenomenon reaches its maximum 
peak at 0.07% Si, decreases for higher Si contents and it grows again at Si>0.3% 59). This 
means that supplementary efforts to restrict Si to the lowest content might be unnecessary or 
even detrimental, as a silicon content in the approximate range (0.1%-0.3% Si) should be 
suitable for many industrial applications. The latter means that the solid solution 
strengthening effect of Si 13,30) could be exploited to some extent without damaging 
coatability significantly. This detail can be taken into account when using maps like those 
shown in Fig. 11. 
 
4. Summary and Conclusions 
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With the help of JMatProTM software, thermodynamic calculations have been made to 
assess and compare the effect that Si and Al additions exert on the phase transformation, 
carbon enrichment and alloying element content of phases during the intercritical annealing, 
cooling and isothermal holding of TRIP and DP steels. These simulations can provide a very 
helpful tool for the design of improved combinations of Si and Al to obtain the desired TRIP 
effect without hindering the galvanizability of the steel. 
It has been found that Al causes a more pronounced increase of A3 temperature and a 
wider extension of the intercritical range compared to Si, which can be beneficial for process 
stability during intercritical annealing. When an intercritical temperature corresponding to a 
constant fraction of α→γ transformation is considered, the values of carbon content in 
austenite for Al and Si-alloyed steels are similar, but the values of %C in ferrite are higher for 
the case of Al additions. The stronger carbon enrichment of ferrite in Al steels during 
annealing and subsequent cooling could partially compensate for the significant solid solution 
strengthening effect of Si additions. Under equilibrium conditions, higher contents of Al in 
ferrite could be expected at any temperature, whereas the enrichment of austenite in Si would 
be stronger. 
The carbon equivalent and ideal diameter of the intercritically annealed austenite have 
been determined for different combinations of Mn, Al and Si. At a constant temperature, the 
carbon enrichment of austenite caused by Al may act as an “indirect” way of increasing 
hardenability of steel. However, the values of CE and DI at a constant fraction of 
transformation are higher for Si than for Al additions. It is found that the values of CE and DI 
follow very similar trends versus compositional changes. 
Finally, simulated CCT diagrams predict for Al-alloyed steels a higher amount of new 
ferrite formed during cooling from intercritical annealing and the need of shorter isothermal 
holding times at 460 ºC. However, Si-TRIP steels would need faster cooling rates to prevent 
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pearlite formation and longer isothermal holding times to complete the isothermal bainitic 
transformation. 
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Table 1. Chemical composition of the Fe-C-Mn-Al and Fe-C-Mn-Si model alloys used to 
study by means of JMatProTM simulations the effect of Al and Si on the Fe-C-
1.5% Mn phase diagram, the volume fractions of phases and the C, Al and Si 
contents in phases formed during annealing (wt%). 
C Mn Si Al 
0-0.9 1.5 0-1.5 0-1.5 
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Table 2. Chemical composition of the model TRIP steel used to study by means of 
JMatProTM simulations the effect of Mn, Al and Si additions on the austenite 
volume fraction and carbon equivalent at 800 ºC (wt%). 
 
C Mn Si Al P S Cr Mo Cu Ni V Nb Ti B N 
0.15 0.5-2 0-1.5 0-1.5 0.01 0.005 0.3 0.15 0 0 0 0.03 0.03 0 0.006
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Fig. 1. (a) Effect of Al additions (between 0% and 1.5% Al) on the transformation lines 
of Fe-C-1.5%Mn phase diagram; (b) Effect of Al on transformation temperatures 
for a Fe-0.15%C-1.5%Mn alloy. The temperatures represented are the austenite-
ferrite transformation temperature (A3), the temperature for a 50% austenite / 50% 
ferrite phase distribution and the eutectoid transformation temperature (A1). 
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Fig. 2. (a) Effect of Si additions (between 0% and 1.5% Si) on the transformation lines of 
Fe-C-1.5%Mn phase diagram; (b) Effect of Si on transformation temperatures for 
a Fe-0.15%C-1.5%Mn alloy. The temperatures represented are the austenite-
ferrite transformation temperature (A3), the temperature for a 50% austenite / 50% 
ferrite phase distribution and the eutectoid transformation temperature (A1). 
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Fig. 3. Comparison of the influence of Al and Si additions on austenite volume fraction 
and carbon content at 750 ºC, 800 ºC and 850 ºC for a Fe-0.15%C-1.5%Mn alloy. 
(a) Influence of Al addition; (b) Influence of Si addition 
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Fig. 4. Comparison of the influence of Al and Si additions on ferrite volume fraction and 
carbon content at 750 ºC, 800 ºC and 850 ºC for a Fe-0.15%C-1.5%Mn alloy. (a) 
Influence of Al addition; (b) Influence of Si addition 
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Fig. 5. Comparison of the influence of Al and Si additions on the carbon content of 
phases at 800 ºC for a Fe-0.15%C-1.5%Mn alloy. (a) Influence of Al and Si on 
austenite carbon content; (b) Influence of Al and Si on ferrite carbon content 
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Fig. 6. Comparison of the influence of Al and Si additions on the carbon content of 
phases at intercritical temperatures corresponding to 50% and 70% ferrite for a 
Fe-0.15%C-1.5%Mn alloy. (a) Influence of Al and Si on austenite carbon content; 
(b) Influence of Al and Si on ferrite carbon content 
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Fig. 7. Comparison of the effect of the addition of 1% Al or 1% Si to a Fe-0.15%C-
1.5%Mn alloy in the temperature range (400 ºC-1000ºC). (a) Effect on austenite 
volume fraction; (b) Effect on ferrite volume fraction; (c) Effect on austenite 
carbon content; (d) Effect on ferrite carbon content. The temperatures 
corresponding to typical intercritical phase distributions with 50% ferrite and 70% 
ferrite are included in the figures. 
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Fig. 8. Comparison of the influence of 1% Al and 1% Si additions on the alloying 
element content (Al% or Si%) in austenite and ferrite for a Fe-0.15%C-1.5%Mn 
alloy in the temperature range (400 ºC-1000ºC). 
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Fig. 9. Comparison of the influence of Al and Si additions on the alloying element 
content (Al% or Si%) in austenite at intercritical temperatures corresponding to 
50% and 70% ferrite for a Fe-0.15%C-1.5%Mn alloy. 
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Fig. 10. Comparison of the influence of 1% Al and 1% Si additions on the A1 line and the 
limit of solubility of carbon in ferrite for a Fe-0.15%C-1.5%Mn alloy. 
 
39 
 
 
50
40
60
70
80
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Effect of Mn and Al on Austenite Volume Fraction
T = 800 ºC, 0.15% C, 0% Si 
 
10
20
30
40
50
60
70
80
90
100
Mn content, mass%
A
l c
on
te
nt
, m
as
s%
30
90
60
50
70
40
80
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Effect of Mn and Si on Austenite Volume Fraction
T = 800 ºC, 0.15% C, 0% Al 
 
10
20
30
40
50
60
70
80
90
100
Mn content, mass%
S
i c
on
te
nt
, m
as
s%
90
60
50
40
30
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Effect of Si and Al on Austenite Volume Fraction
T = 800 ºC, 0.15% C, 1.5% Mn 
 
10
20
30
40
50
60
70
80
90
100
Si content, mass%
A
l c
on
te
nt
, m
as
s%
80
70
0.30
0.35
0.25
0.40
0.20
0.45
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
0.50
Effect of Mn and Al on Austenite Carbon Content
T = 800 ºC, 0.15% C, 0% Si 
 
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
Mn content, mass%
Al
 c
on
te
nt
, m
as
s%
0.25
0.30
0.20
0.35
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
0.40
Effect of Mn and Si on Austenite Carbon Content
T = 800 ºC, 0.15% C, 0% Al 
 
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
Mn content, mass%
Si
 c
on
te
nt
, m
as
s%
0.25
0.30
0.35
0.40
0.45
0.50
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0.00
0.25
0.50
0.75
1.00
1.25
1.50
0.55
0.20
Effect of Si and Al on Austenite Carbon Content
T = 800 ºC, 0.15% C, 1.5% Mn 
 
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
Si content, mass%
Al
 c
on
te
nt
, m
as
s%
0.55
0.65
0.75
0.85
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Effect of Mn and Al on Carbon Equivalent
T = 800 ºC, 0.15% C, 0% Si
Equation (1) 
 
0.45
0.55
0.65
0.75
0.85
0.95
1.05
1.15
1.25
1.35
Mn content, mass%
A
l c
on
te
nt
, m
as
s%
0.55
0.65
0.75
0.85
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
0.95
Effect of Mn and Si on Carbon Equivalent
T = 800 ºC, 0.15% C, 0% Al
Equation (1) 
 
0.45
0.55
0.65
0.75
0.85
0.95
1.05
1.15
1.25
1.35
Mn content, mass%
Si
 c
on
te
nt
, m
as
s%
0.75
0.85
0.95
1.05
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.15
0.65
Effect of Si and Al on Carbon Equivalent
T = 800 ºC, 0.15% C, 1.5% Mn
Equation (1) 
 
0.45
0.55
0.65
0.75
0.85
0.95
1.05
1.15
1.25
1.35
Si content, mass%
Al
 c
on
te
nt
, m
as
s%
2.0
3.5
5.0
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
Effect of Mn and Al on Ideal Critical Diameter
T = 800 ºC, 0.15% C, 0% Si
(ASTM A255-07) 
 
0.5
2.0
3.5
5.0
6.5
8.0
9.5
11.0
12.5
14.0
Mn content, mass%
Al
 c
on
te
nt
, m
as
s%
2.0
3.5
5.0
0.50 0.75 1.00 1.25 1.50 1.75 2.00
0.00
0.25
0.50
0.75
1.00
1.25
1.50
6.5
Effect of Mn and Si on Ideal Critical Diameter
T = 800 ºC, 0.15% C, 0% Al
(ASTM A255-07) 
 
0.5
2.0
3.5
5.0
6.5
8.0
9.5
11.0
12.5
14.0
Mn content, mass%
Si
 c
on
te
nt
, m
as
s%
3.5
5.0
6.5
8.0
9.5
11.0
0.00 0.25 0.50 0.75 1.00 1.25 1.50
0.00
0.25
0.50
0.75
1.00
1.25
1.50
12.5
2.0
Effect of Si and Al on Ideal Critical Diameter
T = 800 ºC, 0.15% C, 1.5% Mn
(ASTM A255-07) 
 
0.5
2.0
3.5
5.0
6.5
8.0
9.5
11.0
12.5
14.0
Si content, mass%
Al
 c
on
te
nt
, m
as
s%
a) 0% Si b) 0% Al c) 1.5% Mn 
 
Fig. 11. Comparison of the effect of the addition of (0.5%-2%) Mn, (0%-1.5%) Al, (0%-
1.5%) Si to the steel presented in Table 2 on austenite volume fraction, austenite 
carbon content, carbon equivalent calculated with Equation (1) and ideal diameter 
40 
 
(DI) at 800 ºC; a) Effect of Mn-Al combinations with 0% Si. b) Effect of Mn-Si 
combinations with 0% Al. c) Effect of Si-Al combinations with 1.5% Mn. 
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Fig. 12. Comparison of the influence of Al and Si additions on the hardenability of 
intercritical austenite at 800 ºC and at an intercritical temperature corresponding 
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to 50% austenite. The steel analyzed is that presented in Table 2 with 1.5% Mn. 
a) Carbon equivalent CE (determined with Eq. 1); b) Ideal critical diameter DI 
according to ASTM A 255-07 standard; c) Relationship between CE an DI. 
43 
 
a) 
0.1 1 10 100 1000 10000 100000
200
400
600
800
1000
15 ºC/s + 460 ºC×60 s
IHT = 460 ºC
Ms = 333 ºC
10 ºC/s 1 ºC/s 0.1 ºC/s100 ºC/s
Bainite
Pearlite
Ferrite
Steel of Table 2 with 1.5% Mn, 0% Al, 0% Si
Austenitization at 763 ºC (50% α, 50% γ)
Grain Size: 12 ASTM
Te
m
pe
ra
tu
re
, º
C
time, s
T50/50
 
b) 
0.1 1 10 100 1000 10000 100000
200
400
600
800
1000
15 ºC/s + 460 ºC×60 s
IHT = 460 ºC
T50/50
Ms = 347 ºC
10 ºC/s 1 ºC/s 0.1 ºC/s100 ºC/s
Bainite
Pearlite
Ferrite
Steel of Table 2 with 1.5% Mn, 1% Al, 0% Si
Austenitization at 826 ºC (50% α, 50% γ)
Grain Size: 12 ASTM
Te
m
pe
ra
tu
re
, º
C
time, s  
c) 
0.1 1 10 100 1000 10000 100000
200
400
600
800
1000
15 ºC/s + 460 ºC×60 s
IHT = 460 ºC
T50/50
Ms = 323 ºC
10 ºC/s 1 ºC/s 0.1 ºC/s100 ºC/s
Bainite
Pearlite
Ferrite
Steel of Table 2 with 1.5% Mn, 0% Al, 1% Si
Austenitization at 789 ºC (50% α, 50% γ)
Grain Size: 12 ASTM
Te
m
pe
ra
tu
re
, º
C
time, s  
44 
 
d) 
0.1 1 10 100 1000 10000 100000
400
500
600
700
800
900
Fs at 15 ºC/s:
1%Al: 1s, 812 ºC 
1%Si: 11s, 618 ºC
0%Al, Si: 13 s, 565 ºC 
 0% Al, 0% Si
 1% Al
 1% Si
T50/50 (1% Si)
T50/50 (0% Al, 0% Si)
15 ºC/s
460 ºC x 60 s
0% Al, Si
1% Si
1% Al
Curves for the start of ferrite formation and cooling at 15 ºC/s
Steel of Table 2 with 1.5% Mn
Austenitization at T(50% α, 50% γ)
Grain Size: 12 ASTM
Te
m
pe
ra
tu
re
, º
C
time, s
T50/50 (1% Al)
1% Si
0% Al, Si
1% Al
 
 
Fig. 13. Comparison of the influence of Al and Si additions on the CCT diagram of the 
steel presented in Table 2 with 1.5% Mn. Reheating temperature corresponding to 
50% ferrite and 50% austenite. a) CMn grade without Al or Si; b) Influence of 1% 
Al; c) Influence of 1% Si; d) Curves for the start of ferrite formation with a 
cooling rate of 15 ºC/s. Ferrite transformation start (Fs) times and temperatures at 
15 ºC/s are indicated for the three compositions. 
